Background: Although both thyroid histology and serum concentrations of hormones are known to change with age, only a few reports exist on the relationship between the age-related structural and functional changes of the thyroid follicles in both mice and humans. Our objectives were to investigate age-related histological changes of the thyroid follicles and to determine whether these morphological changes were associated with the functional activity of the follicles. Methods: The thyroid glands of mice at 18 weeks and at 6, 15, and 30 months of age were histologically examined, and the serum levels of thyroid hormones were measured in 11-week-old and 20-month-old mice. Samples of human thyroid tissue from 10 women over 70 years old and 10 women between 30 and 50 years of age were analyzed in conjunction with serum thyroid hormone level. Results: The histological and functional changes observed in the thyroid follicles of aged mice and women were as follows: variable sizing and enlargement of the follicles; increased irregularity of follicles; Sanderson's polsters in the wall of large follicles; a large thyroglobulin (Tg) globule or numerous small fragmented Tg globules in follicular lumens; oncocytic change in follicular cells; and markedly dilated follicles empty of colloid. Serum T3 levels in 20-month-old mice and humans were unremarkable. Conclusions: Thyroid follicles of aged mice and women show characteristic morphological changes, such as cystic atrophy, empty colloid, and Tg globules.
The functional unit of the thyroid gland is the thyroid follicle, which is composed of follicular cells and intrafollicular colloid. The size and shape of thyroid follicles and the height of the follicular epithelium vary depending on the thyroid's functional activity. In addition, there is morphological heterogeneity of the intrafollicular colloid depending on the thyroid's functional status. 1 Aging induces morphological and functional changes in the thyroid and leads to gradual loss of the ability to maintain homeostasis. Increases in size and number of follicles have been reported in the aged male albino rat and in the humped camel; 2 however, the thyroid of a human over the age of 60 undergoes progressive fibrosis and atrophy, leading to a reduction in thyroid volume. 3, 4 The loss of follicular cells due to age-associated cell death has been reported, but the loss of thyroid function is debated.
Most pronounced age-related changes occur in nondividing and infrequently dividing cells that have longer turnover times, such as brain (turnover time of neurons, about 16,425 days), muscle (turnover time of myocyte, about 5,510 days), and liver (turnover time of hepatocyte, about 327 days). Longer cell turnover time allows for a greater accumulation of DNA damage with age. Cells that accumulate DNA damage may have reduced viability and loss of function, which eventually lead to tissue atrophy. Human thyroid follicular cells have a longer turnover time (about 3,180 days) than cells of other endocrine organs, such as the adrenal gland (about 455 days) and pancreas (about 265 days). 5 Although there are some studies on age-related histological changes of the thyroid gland, there are few on the relationship between histological changes and functional activity of aged thyroid follicles. The present study examines age-related structural and functional changes in the thyroid follicles and investigates the impact of these changes on serum thyroid hormone concentrations.
MATERIALS AND METHODS

Animals and tissue histology
Thyroids were excised from C57BL/6 male mice that were sacrificed at 18 weeks (n = 2), 6 months (n = 2), 15 months (n = 2), or 30 months (n = 2) of age. The mice had been fed a normal chow diet since birth and were maintained in accordance with the principles of laboratory animal care. For analysis, they were grouped as follows: control mice (18 weeks old), adult mice (six months old), and aged mice (15 and 30 months old). Blood was collected from the retro-orbital sinus in anesthetized 11-weekold (n = 7) or 20-month-old (n = 7) C57BL/6 male mice in order to measure serum thyroid hormone levels. The mice were subsequently sacrificed.
Each thyroid was fixed in 10% neutral buffered formalin and paraffin-embedded in the transverse plane using standard procedures. Paraffin-embedded tissue sections (4-μm-thick) were stained with hematoxylin and eosin (H&E) for histological analysis, which included follicle size and shape, follicular cell height, and characteristics of the cytoplasm and intrafollicular colloid.
Tissue sections were stained with periodic-acid-Schiff (PAS), which stains the glycoprotein thyroglobulin (Tg) in the colloid purple-red. The PAS stain intensity of the intrafollicular colloid was then compared between samples. In hypoactive follicles, Tg accumulates in the colloid and stains dark blue-purple with PAS.
All mouse experiments were approved by the university committee for animal experiments and were performed in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals and in accordance with the Guidelines for the Care and Use of Laboratory Animals prepared by the Institute for Laboratory Animal Research, National Academy of Sciences.
Measurements of thyroid hormone
Retro-orbitally collected, clotted mouse blood was centrifuged at 3,000 ×g for 10 minutes. Sera were separated and stored at -20°C prior to the hormonal assay. Total T3 and T4 levels were measured using an enzyme-linked immunosorbent assay kit (Merck Millipore, Darmstadt, Germany) according to the manufacturer's instructions. Serum thyroid-stimulating hormone (TSH) was measured using a specific mouse TSH radioimmunoassay provided by Dr. Cheng S.Y. (Center for Cancer Research, National Cancer Institute, Bethesda, MD, USA).
Analysis of size and shape of thyroid follicles
Sections of the whole thyroid gland (approximately 20 serial sections) at × 100 magnification were used to assess the area of the follicles. The inner area of the thyroid gland at half the maximum length in the longitudinal planes was considered the central zone, and the area surrounding the central zone was considered the peripheral zone (Fig. 1A, left) . The same approach was taken in the transverse planes of the thyroid gland (Fig. 1A,  right) . The size of the follicles in the central zone was compared with the size of the follicles in the peripheral zone.
Follicles that were neither ovoid/round nor smooth in outline were considered to be of irregular shape. Irregularly-shaped follicles were assessed in 20 serial sections using × 100 magnification images of the whole thyroid gland section. 
Immunohistochemistry analysis
To assess mitochondrial content, tissue sections were immunostained with an antibody against the translocase of the outer mitochondrial membrane (TOM20). Paraffin-embedded tissue sections (4-μm-thick) were placed in an oven and incubated at 56°C for three hours before immunohistochemistry. Specimens were stained using the Ventana HX automatic system from BenchMark (Ventana Medical Systems, SA, Illkirch Cedex, France) with an anti-TOM20 rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). All procedures, including antigen retrieval and blocking of endogenous peroxidase activity, were performed automatically by the BenchMark system. The tissue sections were incubated with primary antibody for 32 minutes at 42°C. Immunoperoxidase staining was performed using the LSAB NeuVision system, according to the manufacturer's instructions (Ventana Medical Systems), and sections were counterstained with hematoxylin. Tissue slides were analyzed using an OLYMPUS BX51 microscope (Olympus, Tokyo, Japan).
The immunoreactivities of TOM20 were analyzed for all cases. The intensity of TOM20 immunoexpression was scored as follows: 0, negative; 1, weakly positive; 2, moderately positive; and 3, strongly positive.
Human tissue histology and clinical data H&E-stained, paraffin-embedded thyroid tissue and thyroid function test results (serum concentrations of TSH, T3, and T4) from 10 women over the age of 70 and 10 women between 30 and 50 years of age who underwent total thyroidectomy between January 2002 and December 2005 at Daejeon St. Mary's Hospital, Daejeon, Korea, were analyzed retrospectively. All patients presented with papillary thyroid carcinoma (PTC). Normal thyroid tissues of the contralateral lobe of PTC were analyzed for agerelated change. The study protocol was reviewed and approved by the Institutional Review Board of Daejeon St. Mary's Hospital, College of Medicine, The Catholic University of Korea. All participants provided signed, written informed consent. All experiments were performed in accordance with relevant guidelines and regulations. The baseline characteristics and thyroid function test results of each human participant are summarized in Table 1 .
Statistical analysis
Group comparisons of categorical variables were evaluated using a linear-by-linear association. The means were compared with the result of the independent sample t-test. Values are represented as the mean ± SEM. A p-value less than .05 was considered statistically significant. Analyses were performed using SPSS ver. 22.0 statistical software (IBM Corp., Armonk, NY, USA).
RESULTS
Serum thyroid hormone concentrations and thyroid functional activity in aged mice
We measured serum levels of TSH, T3, and T4 in 20-monthold mice (aged group; n = 7) and compared them with levels of the same hormones in 11-week-old mice (control group; n = 7) ( Table 2 ). Serum T3 concentrations were lower in the aged group than in the control group, but there was no difference in serum T4 and serum TSH levels between the two groups.
The thyroid activation index, expressed as the ratio of follicular cell volume to colloid volume, reflects changes in thyroid function caused by alterations in TSH level. 6, 7 Thyroid tissue from 18-week-old control mice was composed of a relatively homogeneous population of small-to medium-sized round follicles lined with cuboidal epithelium (Fig. 1B) . In contrast, the 30-monthold mouse thyroid was composed of dilated or irregularly-shaped follicles (Fig. 2E) , and the dilated follicles were lined with flat epithelium. The intrafollicular colloid volume was larger in 30-month-old mice than in the controls. Consequently, the younger thyroid, which was composed of cuboidal or columnar epithelium and a small amount of colloid, had a higher thyroid activation index than the older thyroid, which was composed of a flat epithelium and significantly more colloid.
Irregularly enlarged thyroid follicles in aged mice
Next, we examined whether the histological changes in the thyroid follicles of aged mice correlated with thyroid function. The 18-week-old control thyroid glands were composed of smallto medium-sized round follicles. The larger follicles tended to localize in the peripheral region of the thyroid gland. These distributions of follicles is called the zonal variations in follicle size. 8, 9 Zonal variation in the size of thyroid follicles was well preserved. Thyroid follicles of the central zone were smaller than those of the peripheral zone, with a ratio of the area of central zone to peripheral zone follicles of 1:2 (Fig. 1B, C) . The adult mouse thyroid gland (6 months old) was composed of variable-sized follicles with a relatively round shape. The zonal variation in the size of thyroid follicles was well preserved; however, follicles in the peripheral zone were three times larger than those in the central zone ( Fig.  2A, B) . Smaller follicles found in the central zone were lined with a cuboidal epithelium, and larger follicles located in the peripheral zone were lined with a cuboidal or low cuboidal epithelium ( Fig.  2A) . Thyroid glands from aged mice (15 months old and 30 months old) were composed of irregularly dilated follicles, which were considered to be inactive (Fig. 2C, E ). There was a greater incidence of inactive large follicles in the aged mice compared to the thyroid of adult mice. Zonal variation in the size of thyroid follicles was not conserved (Fig. 2D, F) . Dilated follicles were not only present in the periphery of the gland, but were also seen in the central zone. The aged thyroids were extremely heterogeneous in appearance, exhibiting variability in the height of the follicular epithelium and in the amount of intrafollicular colloid. Furthermore, papillary and glandular proliferations were observed in the epithelium (Fig. 3A, B) . Irregularly-shaped follicles were also observed in aged mouse thyroid glands. This was more frequently observed in the 30-month than in the 15-month-old mice (Fig.  3A, B) . Most irregularly-shaped follicles were surrounded by a cuboidal or high cuboidal epithelium.
In the thyroid glands of aged mice, some of the large dilated follicles had cellular areas composed of small follicles lined by a crowded epithelium with scant colloid in a small lumen; these were pushing into large colloid-filled follicles. This characteristic lesion is referred to as a Sanderson's polster (Fig. 3A, B) . Some of the large dilated follicles also had asymmetric pseudopapillary projections of crowded columnar cells (Fig. 3B ).
Tg globules in the follicular lumen of aged mice
Intrafollicular colloid of control and adult thyroids stained homogeneously pink by H&E (Figs. 1B, 2A ). In the control group, many endocytic vacuoles were seen near the margin of the colloid-filled lumen (Fig. 1B, arrow) . These vacuoles emerge with dissolution of colloid by acid phosphatase that is secreted from lysosomes in conjunction with hormonal release during follicular cell activity. 10 Thus, colloid endocytosis correlates with follicular cell activity. In 6-month-old adult thyroids, several follicles in the peripheral zone were empty and were lined with a high cuboidal epithelium. The follicular cells of the empty follicles had clear cytoplasm and a centrally located, shrunken nucleus ( Fig. 2A, arrow) . These clear cell changes were suggestive of a distended endoplasmic reticulum, which was interpreted as a sign of follicular degeneration. Colloid vacuolation was frequently observed in the adult thyroid.
In the aged thyroid (15 months old and 30 months old), colloid-filled follicles lined with a flat epithelium stained homogeneously pink with H&E, while colloid within the follicles lined with a high cuboidal epithelium was pale and coarsely granular (Fig. 2C, E ). There were numerous small, fragmented, and clumped Tg globules within the intrafollicular colloid that were surrounded by a high cuboidal or oncocytic epithelium (Figs. 2E,  3B ). The formation of Tg multimers allows for storage of Tg at excessively high concentrations, and they are more frequently observed in hypofunctioning follicles. 1, 11 Some of the thyroid follicles were empty, and others contained only small amounts of colloid in their larger lumen (Fig. 2E) . Empty follicles are inactive follicles that may have lost accumulated colloid over time due to stasis of colloid circulation. Colloid vacuolation, which signifies colloid resorption, was occasionally observed. Briefly, these findings indicated decreased thyroid gland activity with increasing age.
Oncocytic change in thyroid follicular cells in aged mice
In 30-month-old mouse thyroids, follicles lined with a low columnar epithelium showed oncocytic changes that were characterized by an abundant oxyphilic, granular cytoplasm and a large hyperchromatic nucleus (Fig. 3C ). An oncocytic appearance is the result of mitochondrial proliferation, which is a mechanism to compensate for mitochondrial defects. Compared with nononcocytic follicular cells, oncocytic follicular cells were intensely stained by the TOM20 antibody. The TOM20 score was 1 and 3 in non-oncocytic follicular cells and oncocytic follicular cells, respectively (Fig. 3D ).
Colloid densities in follicular lumens
After analyzing the intensity and multimerization of PASstained intrafollicular colloid, we compared intrafollicular colloid concentrations and follicular activity for each age group. Fig. 4 shows the PAS-positive density of the colloid in each group.
Regular thyroid follicles of the adult group (6 months old)
were filled with homogeneously PAS-positive colloid. PASpositive colloid in the peripheral zone was more darkly stained than the PAS-positive colloid in the central zone. Few follicles exhibited PAS-negative lumens (Fig. 4A) .
The markedly enlarged follicles of the aged group (15 months old and 30 months old) had an increased PAS-positive density (dark blue-purple PAS stain) (Fig. 4C) . The colloid in irregularlyshaped follicles and in small follicles was stained purple-red by PAS. Sanderson's polsters were observed on one side of the large, dilated follicles. These aggregated, small follicles are composed of a high cuboidal epithelium and lead to depletion of luminal colloid. Sanderson's polsters were heterogeneously stained by PAS. Abundant colloid in large follicles was stained purple-red or dark blue-purple by PAS, while cellular areas composed of small follicles were pale-red or negative (Fig. 4C) . Thus, the markedly enlarged follicles seen in aged mice were considered to be hypoactive compared with small follicles, irregularlyshaped follicles, and Sanderson's polsters.
Thyroid histology and thyroid function tests in elderly women
We also analyzed age-related histological changes in the thyroid glands of 10 women over 70 years of age and compared them with thyroids from women between 30 and 50 years of age. We observed findings similar to those seen in aged mice, including (1) variable size and enlargement of follicles (Fig. 5A) ; (2) increased irregularity of the follicles (Fig. 5B) ; (3) Sanderson's polsters in the walls of large follicles (Fig. 5B) ; (4) a large Tg globule or numerous, small, fragmented Tg globules in the follicular lumen (Fig. 5C) ; (Fig. 5D) ; and (6) markedly dilated follicles lacking colloid (Fig. 5E ). However, unlike the thyroids of aged mice, fibrosis or fatty infiltration within the extracellular matrix was observed in elderly human thyroids (Fig. 5F, G) . Among the 10 elderly women, thyroid hormone levels were unremarkable when compared with controls (T3, p = .551; T4, p = .138; TSH, p = .085) ( Table 1) . Age-related histological changes and functional activities in the human thyroid follicles were not associated with changes in serum thyroid hormone levels.
DISCUSSION
In this study, we identified age-related histological changes in the thyroid glands of aged mice. These changes included a decrease in the entire thyroid size, formation of markedly dilated follicles with a flat epithelium, irregularly-shaped follicles, aggregations of small follicles with oncocytic epithelia, the presence of colloid-depleted follicles, a large Tg globule or multimeric Tg globules within the colloid, and loss of zonal variation. Fibrosis, inflammation, and fatty infiltration were common in elderly human thyroids but rarely observed in aged mouse thyroids. Of these changes, the height of the follicular epithelium, cytoplasmic features of follicular cells, PAS staining properties of the colloid, and characteristic Tg globules are representative of functional activity of the thyroid follicles. A commonly encountered pattern in the aged mice thyroid was prominent cystically dilated follicles with flimsy walls composed of scant fibrous stroma. We attributed this characteristic histological finding to cystic atrophy of the follicle. Cystic atrophy is not infrequently found in the postmenopausal endometrium. In the absence of ovarian function, the endometrium experiences cystic atrophy, having a thin uterine mucosa, cystically dilated endometrial glands, and a flattened inactive epithelium. 12 The pathogenesis of cystic atrophy of the endometrium has not yet been established. In cystic atrophy of the aged thyroid, low cuboidal or flattened and inactive follicular cells line the distended follicles. Larger or dilated follicles lined with a low cuboidal epithelium contain colloid that stains purplered with PAS, while larger or dilated follicles with a flat epithelium contain thick colloid that stains dark blue-purple with PAS. As organisms get older, the function of thyroid follicular cells tends to diminish, thus decreasing endocytosis of luminal colloid into follicular cells. Eventually, the accumulation of luminal colloid increases intrafollicular pressure and increases tension in the follicular wall, which may contribute to the flattening of follicular cells. 13 Oncocytic change in cells is increasingly observed with advancing age in thyroid glands and in other organs. 14 In the involuted thyroids of old mice, a follicular epithelium with oncocytic change is more frequently observed. The characteristic oncocytic appearance, which consists of an abundant oxyphilic, granular cytoplasm and a large hyperchromatic nucleus, is the result of mitochondrial proliferation that compensates for mitochondrial defects. 15 Mitochondrial function is very important for maintaining functional activity in most endocrine organs; therefore, age-related changes in the mitochondria are likely to impair endocrine organ function. Colloid changes were apparent in 15-month-old and 30-month-old mice. Intrafollicular colloid took on the appearance of a large Tg globule or of numerous, small, fragmented Tg globules within oncocytic follicles. A large globule or multimeric Tg globules are more frequently present in hypofunctioning follicles than in active follicles. 1 In aged mice, we observed oncocytic follicular epithelia lining lumens lacking colloid, which is a characteristic sign of an inactive follicle. We found that follicles composed of oncocytic epithelia are more likely to be irregular in shape, lack colloid, or have highly insoluble colloid. These results demonstrate the important role of mitochondrial function in maintaining proper activity of the thyroid follicular cell.
With advancing age, conversion of functional tissue to fatty or fibrous tissue occurs in most organs, and fundamental tissue loss in a variety of organs is associated with a decrease in proper function. In the aged mouse, however, there is a paucity of conversion to fatty or fibrous tissue. Instead, cystic atrophy is common. Although conversion of thyroid follicles to fatty or fibrous tissue is occasionally observed in elderly women, the proportion of fatty or fibrous tissue within thyroid is not so pronounced.
In conclusion, follicular cells and the follicles of aged thyroids show characteristic morphological changes, which include cystic atrophy, empty colloid, Tg globules, and oncocytic follicular cells.
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